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HIGHLIGHTS 


►  We  studied  the  electro-oxidation 
of  ethylene  glycol  at  metallic 
multilayer. 

►  Metallic  multilayer  was  composed 
by  single  and  alloy  compound  into 
the  intralayer. 

►  Lower  activation  energy  was 
observed  for  metallic  multilayer. 

►  We  observed  C02  and  C0L  intensity 
band  enhancement  for  metallic 
multilayer. 
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This  paper  presents  a  study  of  the  electro-oxidation  of  ethylene  glycol  (EG)  at  metallic  multilayer  elec¬ 
trodes:  Ptpc/Irx/Pty  (Ptpc  =  polycrystalline  Pt,  x  and  y  denote  the  number  of  monolayers  of  Ir  intralayer 
and  Pt  outer  layer,  respectively)  and  Ptpc/ ( Pti Ir i )X/Pty  (ie  a  1:1  alloy  of  Pt  and  Ir  was  employed  as 
intralayer).  For  comparison,  data  are  also  presented  for  Ptpc.  Although  Pt  and  Ir  have  similar  crystallo¬ 
graphic  structures,  the  work  reported  shows  for  the  first  time  that  the  electrocatalytic  properties  of  the 
Pt  outer  layer  are  affected  significantly  by  the  composition  of  the  intralayer.  The  voltammetry  data  show 
that  the  Ptpc/Ir3.o/Pt3.o  metallic  multilayer  electrode  exhibits  a  peak  current  density  78%  higher  than  that 
observed  using  Ptpc,  in  agreement  with  activation  energy  measurements  on  the  electro-oxidation  of  EG 
which  showed:  Ptpc/Ir3.o/Pt3.o  (26  kj  mol-1)  <  Ptpc  (44  kj  mol-1)  <  Ptpc/(PtiIri)3.0/Pt3.o  (46  kj  mol-1).  The 
FTIR  experiments  showed  that  the  main  products  for  the  oxidation  of  the  diol  at  the  electrodes  are 
similar:  C0L,  C02  and  glycolic  and/or  oxalic  acid  over  Ptpc  and  Ptpc/Ir3.o/Pt3.o  metallic  multilayer  elec¬ 
trodes.  However,  significantly  more  C02  and  C0L  were  observed  at  Ptpc/Ir3.0/Pt3.o  compared  to  Ptpc 
electrodes. 

©  2012  Elsevier  B.V.  Open  access  under  the  Elsevier  OA  license. 


1.  Introduction 

The  giant  magneto  resistance  (GMR)  effect  was  first  reported  by 
Fert  et  al.  [1  ]  and  Grunberg  et  al.  [2]  and  is  associated  with  metallic 
multilayers  (MM)  with  each  layer  comprising  a  few  monolayers  of 
metal  atoms.  Although  the  electronic  and  magnetic  properties  of 
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MM  have  been  extensively  investigated  [3-6],  significantly  less  is 
known  about  the  electrochemistry  of  these  materials.  We  have 
investigated  the  electrocatalytic  properties  of  MM  [7-10]  and 
reported  the  “Giant  Metallic  Electrocatalytic  effect”  (GME)  [11].  To 
our  knowledge,  we  were  the  first  to  report  the  potential  application 
of  MM  as  electrocatalysts  for  the  oxidation  of  small  organic  mole¬ 
cules  [9],  and  were  able  to  show  that  metal  multilayers  such  as  Pt pc/ 
Metal/Pt  (Metal  =  Rh,  Ru,  Bi  and  Ir),  i.e.  having  a  Pt  surface  layer, 
exhibited  higher  catalytic  activities  than  polycrystalline  Pt,  Ptpc. 
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Thus,  the  peak  current  densities  observed  during  the  electro¬ 
oxidation  of  methanol,  ethanol,  formaldehyde  and  formic  acid 
were  increased  by  ca.  295%,  266%,  140%  and  380%,  respectively, 
compared  to  Ptpc.  Also,  the  onset  potential  for  ethanol  oxidation 
was  shifted  100  mV  towards  more  negative  values  using  MM 
anodes  e.g.  Pt/Rh/Pt  compared  to  Ptpc  [8].  Recently,  we  have  shown 
that  a  Ptpc/Ir25o/Pt25o  MM  nanostructured  electrode  was  able  to 
oxidise  ethanol  selectively  to  CO2  in  acid  electrolyte  [12]. 

Novel  nanostructured  electrocatalysts  such  as  MM  electrodes 
are  important  as  a  result  of  the  potential  for  high  activity  and 
selectivity  in  electrochemical  transformations,  particularly  those 
relevant  to  fuel  cell  technology  [13].  Thus,  catalysts  for  the  anode  of 
the  Direct  Methanol  Fuel  Cell  (DMFC)  have  been  extensively 
researched  [14]  due  to  the  high  energy  density  of  methanol 
(11  kWhL_1)  [15]  and  the  possible  application  of  DMFCs  as  power 
sources  for  portable  applications.  Flowever,  methanol  is  primarily 
produced  from  oil  and  is  not  readily  synthesized  from  renewable 
feedstocks  [16,17].  In  contrast,  ethanol  is  routinely  produced  on  an 
industrial  scale  from  biomass  [18]  whilst  glycerol  is  produced  as 
a  side  product  from  biodiesel  synthesis;  ethylene  and  propylene 
glycol  can  be  produced  in  a  straightforward  process  from  glycerol 
and  the  identification  of  a  high  value  or  high  volume  use  for 
ethylene  glycol  could  tip  biodiesel  production  firmly  into 
commercial  viability  [19].  Furthermore,  polyhydric  alcohols  such  as 
ethylene  glycol  have  higher  theoretical  energy  densities  than 
methanol  [20,21].  Clearly,  the  production  of  polyhydric  alcohols  as 
products  or  byproducts  of  renewable  and  sustainable  chemical 
processing  of  biomass  and  their  subsequent  use  as  fuels  in  fuel  cells 
is  extremely  attractive.  However,  whilst  hydrogen  electro¬ 
oxidation  is  facile  and  clean  [22],  even  the  electro-oxidation  of 
methanol  is  beset  with  problems  associated  with  the  chemisorp¬ 
tion  of  this  relatively  simple  organic  molecule  [23],  and  the 
oxidation  of  any  molecules  more  complicated  than  methanol  incurs 
a  penalty  in  terms  of  poor  kinetics  and  selectivity  towards  the 
production  of  C02  [24,25]. 

In  situ  FTIR  spectroscopy  has  proved  an  invaluable  tool  in  the 
study  of  mechanism  at  the  electrode/electrolyte  interface  [26,27], 
particularly  with  relevance  to  anode  catalysis  in  fuel  cells.  Chris¬ 
tensen  and  Hamnet  [28]  investigated  the  electrochemical  oxidation 
of  ethylene  glycol  (EG)  at  Ptpc  under  both  acidic  and  basic  condi¬ 
tions.  The  products  observed  were  pH  dependent:  CO2  and  glycolic 
acid  were  the  primary  products  in  acid;  whilst  glycolate,  oxalate 
and  CO2-  were  the  main  products  in  alkaline  solution.  Vielstich 
et  al.  [29]  employed  in  situ  FTIR  spectroscopy  to  study  EG  oxidation 
at  several  PtxRuy  electrodes.  The  authors  observed  the  onset 
potential  for  EG  oxidation  shifted  200  mV  to  more  negative  values 
compared  to  that  observed  at  Ptpc  due  to  the  promotional  effect  of 
Ru.  Carbon  dioxide,  glycolic  acid  and/or  oxalic  acid  were  observed 
as  products,  with  the  selectivity  towards  CO2  increasing  with  Ru 
content.  Other  workers  have  reported  studies  on  EG  oxidation 
using  on  line  and/or  in  situ  spectroscopic  tools  [30-32].  However, 
to  our  knowledge  there  are  no  studies  on  EG  electro-oxidation  over 
metallic  multilayers,  particularly  using  in  situ  FTIR  spectroscopy. 

In  general,  on  polycrystalline  metallic  electrodes,  individual 
crystallites  expose  specific  surface  structures  and  consequently 
active  sites  to  the  electrolyte.  There  is  no  long-range  order  and  the 
inter-crystalline  areas  may  show  a  variety  of  defects  such  as  grain 
boundaries,  lattice  imperfections,  inclusions  and  even  oxide  layers. 
Such  defects  play  a  major  role  in  electrocatalysis  [33,34].  In  addi¬ 
tion,  the  factors  responsible  for  significant  enhancement  of  elec- 
trocatalytic  activity,  such  as  the  bifunctional  mechanism  [35]  and 
electronic  effects  [36]  are  not  completely  understood.  We  have 
previously  reported  [9,10]  that  the  electrocatalytic  activity  of  MM 
nanostructured  electrodes  is  directly  related  to  the  composition 
and  thickness  of  the  intralayer  [9,10],  and  hence  a  systematic  study 


of  MM  electrodes  as  a  function  of  intralayer/surface  layer  compo¬ 
sition  using  in  situ  FTIR  spectroscopy  is  timely. 

Although  Pt  and  Ir  have  the  same  crystalline  structure,  they  are 
different  from  an  electronic  point  of  view.  Thus,  the  aim  of  the  work 
reported  in  this  paper  was  to  investigate  the  electrocatalytic 
activity  of  MM  electrodes  having  only  Ir  or  a  1:1  Ptlr  alloy  as  the 
intralayer,  ie.  Ptpc/Ir/Pt  or  Ptpc/Pti Ir  1  /Pt.  Also,  different  thicknesses 
of  the  Ir  and  Ptilri  intralayers  and  Pt  outerlayer  were  investigated 
with  respect  to  the  oxidation  of  ethylene  glycol  in  acid  solution.  The 
effect  of  thickness  and  intralayer  composition  on  ethylene  glycol 
electro-oxidation  was  studied  for  both  types  of  MM  electrode. 
Factorial  design  was  employed  to  determine  the  minimum  number 
of  experiments  required  to  investigate  the  effect  of  the  preparation 
variables  on  the  electrocatalytic  activity,  leading  to  the  best 
composition  and  MM  electrodes  thickness. 

2.  Experimental 

2.1.  Electrode  preparation 

Polycrystalline  Pt  (0.64  cm2)  substrates  were  mechanically 
polished  with  diamond  paste  down  to  1.0  pm,  and  washed  with 
acetone  and  deionised  water  (Millipore  Milli-Q  system,  18  MCI  cm). 
The  electrodeposition  of  the  intralayer  and  outerlayer  was  carried 
out  as  follows:  the  Ir  intralayer  was  electrodeposited  from  a  solu- 
tion  of  10  4  M  IrCl3-3H20  (Sigma-Aldrich,  99.9%)  in  0.1  M  HC104 
(Sigma- Aldrich,  70%)  at  a  potential  of  0.05  V  vs.  reference  hydrogen 
electrode  (RHE).  The  required  intralayer  thickness  (in  terms  of  the 
number  x  of  monolayers,  ML)  was  achieved  on  the  basis  of  the 
charge  required.  The  electrode  was  then  washed  with  copious 
amounts  of  water  and  transferred  to  another  electrochemical  cell 
containing  10-4  M  H2PtCl6-6H20  (Sigma-Aldrich,  ~38%Pt)  in 
0.1  M  HC104  (Sigma-Aldrich,  70%).  The  Pt  outerlayer  was  deposited 
at  a  potential  of  0.05  V  vs.  RHE;  again,  the  thickness  of  the  layer  in 
terms  of  y  ML  was  determined  on  the  basis  of  the  charge  passed. 
The  Ptpc/Irx/Pty  MM  nanostructured  electrodes  so  produced  were 
washed  with  Millipore  water. 

The  MM  electrodes  employing  Ptlr  alloys  as  the  intralayer,  were 
prepared  by  electrodeposition  from  10”4M  IrCl3-3H20  + 10-4  M 
H2PtCl6-6H20  in  0.1  M  HCIO4  at  0.05  V  vs.  RHE  to  give  Ptlr  with 
a  1:1  ratio  of  Pt  to  Ir  and  a  thickness  of  x  ML.  The  subsequent 
treatment  of  the  electrodes  and  deposition  of  the  Pt  outerlayer  was 
as  described  above.  These  electrodes  are  designated  as  Ptpc/ 
(Ptilri  )X/Pty  below. 

The  oxidation  of  ethylene  glycol  (Sigma-Aldrich,  99.8%)  was 
investigated  in  0.1  M  HCIO4  and  all  current  densities  were 
normalized  to  the  electroactive  surface  area  calculated  from 
hydrogen  desorption  [37].  Finally,  the  activation  energies  (Ea)  for 
ethylene  glycol  electro-oxidation  over  Ptpc,  Ptpc/Ir3.o/Pt3.o  and  Ptpc/ 
(Ptilri )3.0/Pt3.o  MM  anodes  were  obtained  using  the  Arrhenius 
equation.  The  peak  current  densities  for  ethylene  glycol  electro¬ 
oxidation  were  obtained  from  linear  sweep  voltammetry  over  the 
temperature  range  from  5  to  35  °C,  and  employed  to  calculate  the 
activation  energies. 

2.2.  Electrode  characterization 

The  electrochemical  characterization  of  the  MM  electrodes  was 
carried  out  using  a  potentiostat/galvanostat  Autolab  PGSTAT  30. 
Voltammetric  curves  were  measured  in  0.1  M  HCIO4  solution  in  the 
potential  range  between  0.05  and  1.55  V  vs.  RHE.  A  2.0  cm2  Pt  plate 
(Sigma-Aldrich,  99.99%)  was  used  as  auxiliary  electrode.  Prior  to 
the  experiments,  the  solutions  were  sparged  with  N2  for  30  min. 

In  situ  FTIR  spectra  (4  cm-1  resolution,  256  co-added  and  aver¬ 
aged  scans,  40  s  per  scanset)  were  collected  using  a  Varian  7000 
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spectrometer  equipped  with  a  liquid  nitrogen  cooled  MCT  detector. 
The  spectroelectrochemical  cell  was  home-built  and  fitted  with 
a  hemispherical  CaF2  window  (Medway  optics  Ltd).  The  cell  was 
vertically  mounted  on  the  lid  of  the  sample  compartment  of  the 
spectrometer  and  described  in  detail  elsewhere  [38-42].  The 
reflective  working  electrode  was  mounted  on  a  Teflon  body,  and 
electrical  contact  was  maintained  by  a  screw  and  push  rod 
arrangement,  which  also  maintained  good  optical  contact  between 
the  working  electrode  and  the  cell  window.  The  angle  of  incidence 
of  the  IR  beam  (assuming  0°  beam  divergence)  on  the  CaF2 
(n  =  1.41,  k  =  0  [43])/electrolyte  interface  was  46°  (normal  inci¬ 
dence  at  CaF2/air  interface),  giving  an  angle  of  incidence  at  the  Pt 
electrode  (assuming  n  =  1.33  and  approximating  k  to  0  for  water) 
of  51°.  Even  allowing  for  ±6°  beam  spread,  the  incidence  on  the 
inner  side  of  the  CaF2/electrolyte  interface  is  well  below  the  critical 
angle,  hence  precluding  any  enhancement  effects  due  to  total 
internal  reflectance  [43].  The  optical  path-length  was  estimated 
from  the  1640  cm-1  H— 0— H  scissor  band  in  the  single  beam 
reference  spectrum,  using  an  extinction  coefficient  [44]  of 
21  mol-1  dm3  cm-1  and  a  water  concentration  of  55.6  M.  The  path- 
lengths  in  the  experiments  discussed  below  were  ca.  2.0  pm,  giving 
the  thin  layer  thicknesses  of  ca.  0.6  pm.  Only  unpolarized  light  was 
used. 

The  reference  spectrum  (R0, 256  co-added  and  averaged  scans  at 
4  cm-1  resolution,  40  s  per  scanset)  was  collected  and  a  second 
spectrum  taken  at  the  same  potential  (to  check  for  electrode 
movement  etc),  after  which  spectra  (R)  were  collected  at  0.05  V  and 
then  every  100  mV  up  to  1.5  vs.  RHE.  The  spectra  below  are  pre¬ 
sented  as  the  ratio  (R/Rq)  vs.  cm-1  and  the  data  manipulation 
results  in  spectra  in  which  peaks  pointing  up,  to  +(R/Ro),  arise  from 
the  loss  of  absorbing  species  in  R  with  respect  to  Ro,  and  peaks 
pointing  down,  to  -(R/Rq),  to  the  gain  of  absorbing  species. 

2.3.  Factorial  design 

Using  the  factorial  design  it  is  possible  to  decrease  the  number 
of  experiments  required  to  investigate  a  particular  system  [45,46] 
compared  to  traditional  methodologies.  The  determination  of  the 
minimum  number  of  experiments  required,  which  must  be  per¬ 
formed  in  a  factorial  design,  is  the  combination  of  all  variables  at 
their  different  values  [45].  In  a  full  factorial  design,  nk  experiments 
must  be  performed,  where  n  is  the  number  of  variables  and  k  is  the 
number  of  values  of  each  one  of  those  variables  investigated. 
Therefore,  to  investigate  three  variables,  each  having  two  different 
values,  only  23  =  8  experiments  are  needed.  The  three  variables 
studied  were:  intralayer  composition  (Ir  or  Ptilri  alloy),  intralayer 
thickness  (1.2  or  3.0  monolayers)  and  finally  outerlayer  thickness 
(1.2  or  3.0  monolayers).  The  experiments  were  carried  out  in 
duplicate  to  calculate  the  experimental  error.  Table  1  lists  the 
variables  and  their  values. 

3.  Results  and  discussion 

Fig.  1  shows  cyclic  voltammogram  of  the  Ptpc,  Ptpc/Iri.2,  Ptpc/ 
(Ptilri)i.2  and  Ptpc/Ir i.2 /Pt  1.2  anodes  in  aqueous  perchloric  acid;  the 


Table  1 

Preparation  variables  to  study  the  metallic  multilayers  nanostructured  electrodes 
over  ethylene  glycol  oxidation. 


Levels 

Variables 

- 

+ 

Intralayer  composition 

Ir 

PtllF! 

MLIn 

1.2 

3.0 

MLout 

1.2 

3.0 

Fig.  1.  Cyclic  voltammograms  obtained  for  Ptpo  Ptpc/Ir,  Ptpc/Ptilri  and  Ptpc/Ir/Pt 
metallic  multilayer  electrodes  in  0.1  M  HC104.  i/  =  50mVs_1.  T=  25  °C.  See  text  for 
details. 


voltammetric  response  of  the  Ptpc  electrode  was  in  agreement  with 
literature  data  [47,48].  The  onset  potentials  for  hydride  adsorption 
at  the  PtPc/Iri.2  and  Ptpc/(PtiIri)i.2  anodes  were  similar,  i.e. 
0.05-0.3  V,  and  the  double  layer  regions  also  cover  the  same 
potential  range,  i.e.  0.4-0.8  V. 

As  may  be  seen  in  Fig.  1,  the  voltammetric  response  of  the  Ptpc/ 
Ifi.2/Pti.2  electrode  was  similar  to  Ptpc,  suggesting  that  the  Ptpc/Iri.2/ 
Pti.2  electrode  surface  is  composed  only  of  Pt  atoms.  In  addition,  the 
charge  under  the  hydride  features  of  the  Ptpc/Iri.2/Pti.2  voltammo¬ 
gram  was  the  same  as  that  under  the  analogous  features  of  the  Ptpc 
voltammogram,  showing  that  the  electrochemically  active  areas  of 
the  two  electrodes  were  also  identical.  In  previous  papers,  the 
absence  of  Ru  and  Rh  in  the  surface  layer  of  Ptpc/Ru/Pt  [7]  and  Pt pc/ 
Rh/Pt  [8]  MM  anodes  was  confirmed  using  XPS.  The  retention  of  the 
surface  area  of  the  underlying  Ptpc  was  also  observed  with  Pt pc/ 
(Ptilri )i.2/Pti.2  electrodes. 

Despite  the  similarity  in  the  crystal  structures  of  Pt  and  Ir  (see 
below),  employing  an  alloy  of  these  metals  as  the  intralayer  in  MM 
electrodes  can  lead  to  compressive  or  tensile  strain.  Stress  relief 
mechanisms  take  place  when  two  lattices  with  different  parame¬ 
ters  have  to  coexist,  for  example,  an  adsorbate  deposited  onto 
a  substrate  in  the  case  of  heteroepitaxy  [49].  Due  to  the  reduced 
number  of  chemical  bonds,  surface  atoms  experience  a  reduction  in 
electronic  density,  and  hence  the  lattice  tends  to  contract  itself  in 
order  to  move  surface  atoms  closer  together.  According  to  Goyhe- 
nex  et  al.  [50],  the  lattice  mismatch  between  surface  and  bulk 
(“surface  mismatch”)  can  reach  values  as  large  as  -2.8%  for  (111) 
oriented  surfaces,  and  depends  mainly  on  the  ratio  between  the 
repulsive  and  attractive  part  of  the  interatomic  potential.  As  dis¬ 
cussed  by  Goyhenex  et  al.  [50],  the  electronic  properties  (eg.  the 
energy  of  the  d- band  centre)  of  the  metal  layers  in  MM  electrodes 
may  be  affected  by  surface  mismatch.  Platinum  and  iridium  are 
adjacent  to  each  other  in  the  periodic  table  and  exhibit  almost  the 
same  crystallographic  structure.  These  two  elements  have  space 
group  Fm-3m,  cubic  closed-packed  structures  with  a  =  /3  =  y  =  90°; 
however,  a  =  b  =  c  =  392.42  pm  and  383.9  pm  for  Pt  and  Ir, 
respectively.  Although  their  crystallographic  structures  are  very 
similar,  the  presence  of  these  elements  can  lead  to  different  surface 
mismatch  values  when  electrodeposited  to  form  Ptpc/Irx/Pty  and 
PtPc/(PtiIri)x/Pty  metallic  multilayers.  This  change  in  the  structural 
properties  can  result  in  significant  enhancement  of  the  electronic 
properties  of  the  surface  layer  and  hence  of  electrocatalytic  activity, 
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and  it  is  this  possibility,  specifically  with  respect  to  EG  electro¬ 
oxidation,  that  is  evaluated  in  this  paper. 

For  clarity,  of  the  eight  anodes  prepared  according  to  factorial 
design  (see  Table  1)  only  the  linear  sweep  voltammograms  (LSVs) 
of  the  MM  electrodes  exhibiting  highest  and  lowest  peak  current 
densities  for  EG  electro-oxidation  (i.e.  Ptpc/Ir3.o/Pt3.o  and  Ptpc/ 
(PtiIri)3.0/Pt3.o,  respectively)  are  shown  in  Fig.  2.  The  data  obtained 
using  the  polycrystalline  Pt  electrode  are  also  shown,  for 
comparison. 

The  voltammetric  response  of  Ptpc  in  acidic  solution  containing 
EG  is  well  known  [20,28]  and  exhibits  a  peak  at  0.86  V  and 
shoulder  near  1.5  V  see  Fig.  2.  However,  as  may  be  seen  from  the 
figure,  there  is  an  additional  shoulder  around  0.65-0.77  V  in  the 
LSVs  of  the  MM  electrodes,  which  is  absent  from  the  voltammetric 
response  of  the  Ptpc  anode.  The  process(es)  giving  rise  to  this 
shoulder  are  unclear,  and  further  work  is  underway  to  elucidate 
this.  Roy  et  al.  [51  ]  have  observed  this  shoulder  during  experiments 
on  the  electro-oxidation  of  methanol  at  Ru02  film  electrodes  on 
which  were  dispersed  Pt  nanoparticles.  According  to  the  authors, 
this  feature  may  be  attributed  to  the  dehydrogenation  of  methanol. 
Behm  et  al.  [52]  had  observed  similar  voltammetric  responses  in 
their  studies  of  EG  electro-oxidation  at  Pt  nanoparticles  using 
DEMS.  According  to  the  authors,  the  process  observed  during  the 
positive-going  scan  corresponds  to  the  oxidation  of  COads  to  CO2, 
and  a  similar  shoulder  was  also  observed  and  attributed  to  glycol 
aldehyde. 

From  Fig.  2  it  may  be  seen  that  the  Ptpc/Ir3.o/Pt3.o  electrode 
showed  a  peak  current  78%  higher  than  that  observed  using  the  Ptpc 
electrode.  The  changes  in  the  peak  current  density  and  the  pres¬ 
ence  of  the  pre-peak  observed  using  the  MM  anodes  compared  to 
Ptpc  are  clear  evidence  for  differences  in  the  mechanistic  and/or 
electronic  properties  of  Ptpc/Ir3.o/Pt3.o  and  Ptpc/(PtiIri)3.o/Pt3.o 
compared  to  Ptpc.  As  was  stated  above,  there  is  no  evidence  that  the 
interlayer  is  exposed  to  electrolyte,  hence  the  differences  evident  in 
the  LSVs  in  Fig.  2  cannot  be  due  to  direct  involvement  of  Ir  in 
surface  processes,  ie.  via  the  bifunctional  mechanism  [35]. 

Koper  et  al.  [53]  employed  periodic  DFT-GGA  methods  to  study 
the  interaction  of  adsorbed  CO  and  OH  with  a  range  of  substrates, 
including:  PtML/Pt,  PtML/Pt2Ru,  PtML/PtRu2  and  PtML/Ru  (0001).  The 
authors  observed  that  the  system  with  the  lowest  CO  binding 
energy  was  PtML/Ru(0001 ).  This  result  is  in  agreement  with  the  data 
presented  in  Fig.  2  since  the  Ptpc/Ir3.o/Pt3.o  electrode  gives  a  higher 


peak  current  density  than  the  Ptpc/(PtiIri)3.o/Pt3.o  electrode,  and 
hence  suggests  a  lower  CO  binding  energy  on  the  former  electrode. 
The  lower  binding  energy  of  CO  on  these  surfaces  may  be  under¬ 
stood  in  terms  of  a  decrease  in  the  energy  of  the  Pt  d- band  caused 
by  strain  in  the  overlayer,  as  Pt  has  to  form  a  (1  x  1 )  commensurate 
monolayer  on  the  intralayer  with  a  lower  lattice  constant.  Mavri- 
kakis  et  al.  [54]  investigated  the  adsorption  of  O  and  02,  and  the 
dissociation  of  O2,  on  a  monolayer  of  Pt  covering  the  (111)  facets  of 
Pt3Co  and  Pt3Fe  alloys  also  using  the  DFT-GGA  approach.  The 
authors  [54]  were  able  to  show  that  compressive  strain  tends  to 
decrease  the  energy  of  the  centre  of  the  d- band  (^d)  of  transition 
metals,  causing  adsorbates  to  bind  less  strongly,  whereas  tensile 
strain  has  the  opposite  effect.  The  position  of  £d  for  Pt  monolayers 
also  depends  both  on  the  strain  (geometric  effects)  and  on  the 
electronic  interaction  between  the  Pt  monolayer  and  the  under¬ 
lying  metal  (ligand  effect).  It  has  been  suggested  [55]  that  the 
chemical  properties  of  metal  monolayers  deposited  on  metallic 
substrates  may  be  interpreted  in  terms  of  a  model  in  which  charge 
transfer  between  the  monolayer  and  substrate,  or  changes  in  the 
density  of  states  of  the  monolayer  [55]  near  the  Fermi  level,  lead  to 
shifts  of  the  core  levels  of  the  monolayer.  Thus,  it  is  not  unrea¬ 
sonable  to  postulate  that  the  Ir  in  the  intralayer  can  induce 
compressive  strain,  which  is  reflected  in  the  higher  peak  current 
density  for  EG  electro-oxidation  compared  to  (Ptflri)  intralayers. 
Hence,  surface  mismatch  between  monolayers  and  overlayers  play 
a  key  role  in  the  electrocatalytic  reactions. 

Thin  films  have,  in  general,  only  one  exposed  surface,  and  thus 
surface  energy  and  its  anisotropy  are  major  influences  on  chemical 
reactivity  [56].  Multilayer  systems,  in  turn,  have  additional  contri¬ 
butions  to  the  surface  free  energy  due  to  the  bonding  of  the 
different  constituent  materials.  Thus,  chemical  reactivity  depends 
on  the  density  of  interfaces  (number  of  interface  per  multilayer 
thickness)  and  can  reach  very  high  values  in  nanostructured 
systems  e.g.  metallic  multilayers  electrodes  [57].  Hence  Rosato  et  al. 
[58,59]  developed  the  TB-SMA  (tight  binding-second  moment 
approximation)  method,  which  is  simple  enough  to  derive  analyt¬ 
ical  expressions  related  to  the  elastic  behaviour  of  such  systems,  to 
describe  fully  the  different  stress  relief  mechanisms,  such  as  stress- 
driven  alloy  formation  [60],  the  formation  of  substrate  misfit 
dislocations  [61,62],  adsorbate  misfit  dislocations  [63],  pseudo- 
morphy  [63],  pseudoepitaxy  [60]  and  reconstruction  [64]  slabs 
systems.  Hence,  it  was  decided  to  investigate  whether  the  elec¬ 
trocatalytic  behaviour  of  metallic  multilayers,  such  as  Ptpc/Ir3.o/Pt3.o 
and  Ptpc/(PtiIri)3.o/Pt3.o  could  also  be  explained  in  terms  of  stress 
relief  mechanisms  [50]. 

Using  slab  geometry  and  second  moment  approximation,  Treglia 
et  al.  [65]  formulated  that  the  surface  energy  can  be  calculated  as: 


Y  =  2^0 E(N)-NEb) 


(1) 


where  N  is  the  number  of  atoms  in  the  slab  unit  cell,  A  the  surface 
area,  F(N)  the  total  energy  of  the  slab,  and  Fb  the  energy  of  the  bulk 
atoms  (i.e.  the  opposite  of  cohesive  energy).  The  surface  stress  is 
a  symmetric  tensor  with  elements: 

_  1  dm  ,2) 

y  "  A  0£O-  [Z) 

where  eij  is  the  strain  tensor  and  i,  j  =  x,  y,  z.  Note  that  a  positive 
(negative)  value  of  a  means  a  tensile  (compressive)  surface  stress. 
After  full  energy  relaxation,  all  the  jq  component  are  zero.  The 
development  of  this  equation  leads  to: 


Fig.  2.  Linear  sweep  voltammograms  obtained  for  the  electro-oxidation  of  0.5  M 
C2H602  in  0.1  M  HCIO4  over  Ptpc,  Ptpc/(PtiIri)3.0/Pt3.0  and  Ptpc/Ir3.0/Pt3.0  metallic 
multilayer  electrodes,  v  =  50  mV  s_1.  T=  25  °C. 


s  9(5 

=  r%  +  g-,  hj  =  *,y 


(3) 
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Therefore,  there  are  two  contributions  to  the  surface  stress,  the  first 
one  is  the  surface  energy  and  the  second  one  is  its  strain  derivative 
[65]. 

Goyhenex  et  al.  [50]  calculated  using  so-called  second  moment 
approximation  surface  mismatches  values  for  Ir  and  Pt  surfaces. 
The  individually  values  were  -1.07  and  -2.53%  for  Ir  and  Pt  (111) 
oriented  surfaces,  respectively  [50,66].  The  larger  surface  mismatch 
for  Pt  compared  to  Ir  can  be  related  to  the  higher  d- band  filling  of  Pt. 
According  to  the  authors  [50],  the  more  filled  the  nd- band,  the 
weaker  the  nuclear  charge  experienced  by  the  (n±l)s  electrons, 
inducing  a  spatial  extension  of  the  electronic  density  associated  to 
the  (n  ±  l)s  electrons.  This  effect  is  observed  as  an  increase  in  the 
range  of  the  repulsive  part  of  the  interatomic  potential  when 
moving  from  left  to  right  of  the  periodic  table  e.g.  from  Ir  to  Pt. 

As  discussed  above,  Pt  and  Ir  exhibit  different  values  for  the 
surface  mismatch.  Even  for  the  same  intra  and  outerlayer  thickness, 
the  composition  of  the  intralayer  (Ir  or  Ptilri  alloy)  clearly  has 
a  significant  influence  on  the  electrocatalytic  behaviour  of  MM 
electrodes,  as  observed  on  Fig.  2.  Thus,  factorial  design  was  an 
important  tool  in  assessing  the  importance  of  the  composition  and 
thickness  of  layers. 

The  presentation  of  the  responses  using  a  23  factorial  design  can 
be  analysed  using  the  cube  representation  (Fig.  3).  The  figure  shows 
eight  responses  (peak  current  density)  at  the  corner  of  a  cube  in 
which  the  axes  represent  the  different  variables  investigated,  i.e. 
the  number  of  interlayers  ( 1.2  or  3.0  ML),  number  of  outerlayers  (1.2 
or  3.0  ML)  and  intralayer  composition  (Ir  or  Ptilri)  (Table  1). 

As  was  stated  above,  the  electrode  with  the  highest  peak  current 
density  was  the  Ptpc/Ir3.o/Pt3.o  electrode.  Using  the  factorial  design 
approach,  it  was  possible  to  ascertain  that  the  electrocatalytic 
behaviour  was  enhanced  when  using  Ir  as  the  intralayer  and  not 
Ptilri  alloy.  In  order  to  analyse  the  relationship  between  intralayer 
composition  and  layer  thickness  in  more  depth,  the  main  effects 
(intralayer  composition,  number  of  intralayers  and  number  of 
outerlayers),  and  associated  errors  were  calculated  and  are  shown 
in  Table  2.  The  most  significant  parameter  was  intralayer  compo¬ 
sition  (-0.205  ±0.045);  and  its  negative  value  indicating  that,  on 
increasing  the  Ir  to  Ptilri  intralayers  level,  the  peak  current  density 
decreased.  Therefore,  the  highest  electrocatalytic  activity  was 
observed  for  PtPc/Ir3.o/Pt3.o  MM  electrodes,  as  observed  in  Fig.  2. 

Fig.  4  shows  Arrhenius  plots  of  the  peak  current  densities 
observed  at  0.85  V  in  the  linear  sweep  voltammogram  of  the  most 
active  (PtPc/Ir3.o/Pt3.o),  least  active  (Ptpc/(PtiIri )3.o/Pt3.o)  and  Ptpc 
electrodes  as  a  function  of  temperature  between  5  and  35  °C. 


Fig.  3.  Factorial  design  cube  showing  the  results  of  eight  values  of  current  peak  density 
regarding  the  variables  of  each  level. 


Table  2 

Mean  values  of  current  peak  density,  main  effects  and  interaction  calculation 
between  two  and  three  effects. 


Medium 

0.628  ±0.023  (mAcirr2) 

Main  Effects 

1.  (Intralayer  composition) 

-0.205  ±  0.045 

2.  (MLIn) 

0.08  ±  0.045 

3.  (MLout) 

-0.02  ±0.045 

The  activation  energies  were  found  to  be  26, 44  and  46  kj  mol-1, 
respectively  for  the  Ptpc/Ir3.o/Pt3.o,  Ptpc  and  Ptpc/(PtiIri)3.o/Pt3.o  MM 
electrodes.  Iwasita  et  al.  [67]  prepared  85:15  and  50:50  Pt:Ru  alloys 
using  UHV  techniques,  and  observed  activation  energies  for 
methanol  electro-oxidation  around  60kjmol-1.  Behm  et  al.  [68] 
studied  ethanol  electro-oxidation  at  a  carbon-supported  Pt  cata¬ 
lyst  at  elevated  temperature  and  pressure,  and  the  activation 
energy  for  complete  conversion  to  CO2  was  typically  c.a. 
76  kj  mol-1.  As  observed  above,  the  marked  lower  activation  energy 
for  Ptpc/Ir3.o/Pt3.o  MM  electrodes  (26  kj  mol-1)  reflects  the  key  role 
of  the  Ir  layer  beneath  the  Pt  outerlayer.  Although  Ir  and  Pt  exhibit 
the  same  crystalline  structure  as  previously  discussed,  it  is  possible 
to  modulate  electronic  effects,  which  lead  to  an  enhancement  in 
electrocatalysis  activity. 

The  complete  cleavage  of  C-C  bond  is  difficult  to  observe  under 
electrochemical  conditions  [24]  and  it  is  the  limiting  factor  in  the 
development  of  ethanol  fuel  cells.  From  electronic  structure 
calculations  (DFT),  it  was  shown  that  the  lowest  energy  transition 
states  for  C-0  and  C-C  bond  cleavage  for  ethanol  on  e.g.  Pt3Sn(lll ) 
involve  the  formation  of  adsorbed  1 -hydroxyethylidene  (CH3COH) 
and  acetyl  (CH3CO)  species,  respectively  [69]  which  were 
confirmed  experimentally  by  in  situ  FTIR  reflectance  data  [70,71] 
and  differential  electrochemical  mass  measurements  [72—74]. 
Hence  in  situ  FTIR  was  employed  to  study  the  electro-oxidation  of 
EG  at  the  most  active  MM  electrode  (Ptpc/Ir3.o/Pt3.o)  and,  for 
comparison,  at  Ptpc. 

Fig.  5a  and  b  shows  in  situ  FTIR  spectra  obtained  during  the 
oxidation  of  0.5  M  EG  in  0.1  M  HCIO4  at  the  Ptpc  and  Ptpc/Ir3.o/Pt3.o 
electrodes.  These  spectra  were  recorded  during  an  experiment  in 
which  the  potential  was  stepped  in  100  mV  increments  from  0.05  V 
to  1.5  V,  and  normalised  to  the  reference  spectrum  collected  at 


Fig.  4.  Arrhenius  plots  of  the  peak  current  observed  at  0.85  V  in  the  linear  sweep 
voltammogram  of  0.5  M  C2H602  in  0.1  M  HC104  at  Ptpo  Ptpc/(PtiIri  )3.o/Pt3.o  and  Ptpc/ 
Ir3.o/Pt3.o  anodes  as  a  function  of  temperature.  Other  conditions  as  in  Fig.  2. 
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Fig.  5.  In  situ  FTIR  spectra  (4  cm  1  resolution,  256  co-added  and  averaged  scans,  40  s  per  scanset)  collected  from  a)  Ptpc  and  b)  Ptpc/Ir3.o/Pt3.o  metallic  multilayer  electrodes  during 
potential  step  experiments  from  0.05  V.  Electrolyte:  0.5  M  C2H602  in  0.1  M  HC104.  Potential  as  indicated.  Reference  spectra  were  collected  at  0.05  V. 


0.05  V.  However,  for  clarity,  only  the  spectra  collected  up  to  1.0  V 
are  shown. 

A  band  at  2340  cm”1  may  be  seen  in  Fig.  5a  and  b  corresponding 
to  CO2  formation  [28,29].  Bands  at  1740  cm-1  and  1280  cm-1 
appear  in  the  spectra  of  both  electrodes  and  correspond  to  the  C=0 
and  the  C— O  stretches  of  the  carboxylic  acid  groups  of  glycolic  and/ 
or  oxalic  acid  [28,29]. 

Fig.  6  shows  plots  of  the  integrated  band  intensities  of  the  COl 
and  CO2  features  in  Fig.  5.  As  may  be  seen  from  Fig.  6,  there  is  a  ca. 
180%  increase  in  the  maximum  intensity  of  the  COl  feature 
observed  using  Ptpc/Ir3.o/Pt3.o  compared  to  Ptpc  electrode,  as  well  as 
a  ca.  55%  increase  in  the  CO2  band  intensity  observed  at  1.5  V.  It  is 
interesting  to  note  that  the  former  corresponds  to  the  potential  of 
the  shoulder  in  the  linear  sweep  voltammogram  in  Fig.  2,  and  this  is 
under  further  investigation. 


Fig.  6.  Plots  of  the  intensities  of  the  COL  and  C02  bands  in  Fig.  5(a)  and  (b)  as  function 
of  potential. 


From  Fig.  6  it  is  clear  that  the  onset  of  CO2  production  corre¬ 
sponds  to  the  maximum  in  the  COl  intensities,  suggesting  that  COl 
is  the  intermediate  in  the  production  of  CO2  as  expected  on  the 
basis  of  the  indirect  path  mechanism  [28,29,52]. 

As  stated  above,  the  band  at  1280  cm-1  corresponds  to  the  C-0 
stretching  of  a  carboxylic  acid  group,  which  may  be  attributed  to 
glycolic  and/or  oxalic  acid.  Thus,  the  selectivity  of  the  Ptpc  and  MM 
electrodes  may  be  estimated  by  a  consideration  of  the  ratio  of  the 
CO2  and  1280  cm”1  bands  (/co2/^i28o)  as  a  function  of  electrode 
potential,  and  the  relevant  plots  are  shown  in  Fig.  7. 

The  higher  selectivity  of  the  Ptpc/Ir3.o/Pt3.o  electrode  towards 
C-C  bond  cleavage  is  clear  from  the  figure.  The  maximum  ratio  for 


Fig.  7.  Plots  of  the  intensities  of  the  C02  bands  in  Fig.  5(a)  and  (b)  normalized  to  the 
1280  cm-1  (C-0  stretch)  bands  as  function  of  potential. 
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both  electrodes  occurred  at  1.3  V,  at  which  potential  the  Jc o2/Ji280 
ratio  is  65%  higher  for  Ptpc/Ir3.o/Pt3.o  than  Ptpc. 

4.  Conclusions 

The  results  of  this  work  show  that,  although  Pt  and  Ir  exhibit 
similar  crystallographic  structures,  the  Ptpc/Ir3.o/Pt3.o  MM  electrode 
shows  the  highest  electrocatalytic  activity  and  selectivity  for  EG 
oxidation  compared  to  Ptpc  and  Ptpc/(PtiIri)3.o/Pt3.o.  Room 
temperature  LSV  and  in  situ  FTIR  experiments  were  supported  by 
the  activation  energy  data  for  EG  electro-oxidation  at  the  three 
electrodes  which  showed  26  kj  mol-1  at  Ptpc/Ir3.o/Pt3.o  compared  to 
44kJmol_1  at  Ptpc  and  46kJmol_1  at  Ptpc/(PtiIri)3.o/Pt3.o.  The 
results  were  interpreted  in  terms  of  a  model  of  surface  mismatch  in 
which  the  change  in  the  structural  properties  resulting  from 
replacing  Ir  in  the  intralayer  by  (Ptilri)  alloy  results  in  a  significant 
enhancement  of  the  electronic  properties  of  the  Pt  surface  layer  and 
hence  of  electrocatalytic  activity.  This  is  caused  by  the  lower  surface 
mismatch  induced  by  Ir  compared  to  Pt,  which  leads  to  compres¬ 
sive  strain,  causing  adsorbates  to  bind  less  strongly. 
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